The morphology of embryos produced by in vitro fertilization (IVF) is commonly used to estimate their viability. However, imaging by standard microscopy is subjective and unable to assess the embryo on a cellular scale after compaction. Optical coherence tomography is an imaging technique that can produce a depth-resolved profile of a sample and can be coupled with speckle variance (SV) to detect motion on a micron scale. In this study, day 7 post-IVF bovine embryos were observed either short-term (10 minutes) or longterm (over 18 hours) and analyzed by swept source OCT and SV to resolve their depth profile and characterize micron-scale movements potentially associated with viability. The percentage of en face images showing movement at any given time was calculated as a method to detect the vital status of the embryo. This method could be used to measure the levels of damage sustained by an embryo, for example after cryopreservation, in a rapid and non-invasive way.
Introduction
After fertilization, mammalian zygotes undertake a series of rapid mitotic divisions known as cleavage events which bring them from the original 1 cell to 16-32 cells. In cattle, this phase has a duration of approximately 4 days, after which the embryo undergoes the process of compaction during which it appears as a tight cluster of cells with hardly any distinguishable inter-cellular borders. Between day 6 and 7 after fertilization, as the embryo continues to grow, a liquid filled cavity develops, termed as blastocoel, whilst the embryo is referred to as the blastocyst. By the time the embryo reaches the blastocyst stage, its cells have formed two distinct populations: a thin outer layer known as trophectoderm and a compact cluster known as the inner cell mass [1] . A normal bovine blastocyst is presented in Fig. 1 . Fig. 1 . A typical bovine blastocyst produced in vitro using the same method described under section 2.1. ICM: inner cell mass, TE: trophectoderm, ZP: zona pellucida. The embryo can be imagined as a liquid filled sphere. The ICM forms a discrete unit and is attached to the sphere's internal surface, while the surface itself is formed by the thin TE cell layer. Additionally, an outer proteic shell, the ZP (arrow), encapsulates the whole embryo. The image was acquired by a Nikon Eclipse TE200 inverted modulation contrast microscope at x200 total magnification and by using an RI DC2 camera and its dedicated software RI Viewer.
In order to establish a pregnancy, bovine blastocysts produced by in vitro fertilization (IVF) are transferred into recipient animals, but the eligibility for transfer requires assessment of the viability of each candidate embryo. Evaluation of the embryo morphology, as a method to estimate its viability, has found wide use in human IVF [2] and the principle that the transfer of embryos of better morphology leads to higher pregnancy rates has long been validated in cattle [3] . One of the most substantial differences between human and bovine embryos, however, is that the latter are made opaque by the accumulation of lipid droplets in their cytoplasm, which makes the embryo harder to assess though conventional methods [4] . Commonly, bovine blastocysts produced by IVF are screened morphologically at x50 to x100 magnification using a stereomicroscope [5] . Whilst this level of investigation is simple and non-invasive, it is also highly subjective, gives little indication of intracellular activity [4], and is unable to quantify accurately the percentage of fragmentation (amount of sub-cellular, non-viable material) in the embryo which is known to affect its viability [6] .
To support the morphological assessment of embryos and in an attempt to provide a better prediction of viability, time-lapse systems have been introduced [7] . Although widespread, the use of these systems has failed to produce obvious benefits due to the lack of a stringent correlation between the morphokinetic parameters measured and clinical pregnancy outcomes [8] . Time-lapse systems also present the disadvantages of a long time required to complete an assessment and of a poor depth of view. The second problem is made worse in postcompaction embryos like blastocysts and in bovine embryos generally due to their unfavourable lipid distribution [4] . An example of these limitations is given in Fig. 2 , showing that protracted time-lapse observation is likely required to detect any changes in embryo morphology while at the same time, information on the different optical planes of the embryo is likely lost.
Therefore, there is scope for the development and application of new imaging modalities able to resolve the embryo structure in full depth and provide for a rapid and non-subjective assessment of viability.
Optical Coherence Tomography (OCT) is a non-invasive optical method developed in the 1990s that has historically found most applications in ophthalmology [9] . It can create structural images of biological tissues with high axial and transverse resolution providing cross-sectional 2D maps in the (x,z) or (y,z) planes (B-scans) and en face 2D maps in the Vol. 8, No. 11 | 1 Nov 2017 | BIOMEDICAL OPTICS EXPRESS 5141 (x,y) plane (C-scan), where x and y coordinates are measured along the lateral directions of the sample and z coordinate is measured along its depth.
Moreover, recent advancements have also allowed for the acquisition of functional images, one example being Optical Coherence Tomography Angiography (OCTA) which is used to differentiate moving blood cells from stationary features. The detection is possible due to algorithms like Speckle Variance (SV) analysis which can quantify the changes in the speckle pattern of a sample associated with movement [10-15].
OCT has already found some limited application in developmental biology in model organisms like Xenopus laevis [16] , and Rattus norvegicus [17] . Recently, high-resolution intracellular imaging on live mouse and pig oocytes and embryos has been reported [18] . In this context, the fundamental advantages of OCT are its ability to image embryos without labels, and its use of low power light sources as compared to confocal systems. The use of low power optical beams reduces the chance of damaging the embryo during observation [18, 19] . However, no study so far has applied the motion detection principles of OCTA to early stage embryos, like blastocysts, to assess their viability.
In this study, an OCT system was used to produce a full depth structural characterization of a day 7 post IVF blastocyst and display its 3-D models. Moreover, to test whether kinetic differences could be measured between live and dead embryos, micron-scale movements were measured with the SV method to enable quantitative analysis of embryo viability over time. 
Materials and methods

Preparation of bovine embryos
Bovine blastocysts were produced in vitro following a previously described method [20] . Briefly, oocytes were collected from abattoir material and in vitro matured, then fertilized with frozen/thawed sperm (Semex). The resulting embryos were then cultured in Synthetic Ovarian Fluid (SOF) medium droplets until they reached the blastocyst stage 7 days post-IVF. Five of the resulting blastocysts were monitored by OCT over short-term observation of several minutes whereas one embryo was monitored over long-term observation (exceeding 18 hours).
Set-up
The OCT system used is schematically presented in Fig. 3 . A swept source at 1310 nm center wavelength (Axsun Technologies), 100 kHz sweep rate, 12 mm coherence length, 106 nm FWHM bandwidth in the range (1256.6 nm-1362.8 nm) [21] is used. The source is connected to a 2 × 2 fiber coupler (C1) with an 80:20 ratio which splits 80% of the power towards the reference arm and 20% of the reference power towards the sample arm. In the sample arm, light is collimated through lens L1 and directed to a pair of galvanometer scanners which, via the imaging lens L2, scan the beam laterally in the (x,y) plane. Light from the reference and sample arms are combined in the 50:50 fiber coupler C2. The output ports from C2 are routed to a balanced photo-detector (Thorlabs Model PDB460C, DC 200 MHz). A 12-bit waveform digitizer (AlazarTech ATS9350 -500 MS/s) digitizes the output signal which is processed using an "in-house" acquisition software written in LabVIEW (National Instruments). This software calculates 500 en face images from 500 depths and delivers a real-time compound display of two cross section OCT images, 9 en face OCT images and a summed voxel projection (SVP) image, all made possible due to the use of Master-Slave interferometry protocol [21] [22] [23] . The combined rendering of the 12 such images is updated every 0.8 s. The depth interval between the 9 selected depth positions is chosen to cover the axial range of the full embryo. Images are produced from 200x200 lateral pixels. The axial resolution was measured to be approximately 15 µm in air and the transverse resolution approximately 4.2 µm. 
Image acquisition and speckle variance (SV) analysis
The embryos are placed on a Petri dish. Then the dish is adjusted laterally and vertically, using the translation stage, TS, by monitoring the SVP image. Initially, the differential distance between the 9 en face images in the display is adjusted approximately based on an estimated embryo thickness. While monitoring the two cross section OCT images, the reference arm length is adjusted in order to position the cross sections of the embryos in their central region.
To characterize the structure and the progressive loss of viability of the embryos, cross section images and en face images were acquired over short and long-term observation. For short-term observation, 5 embryos were observed for 10 minutes and a full set of data was acquired every minute. For long-term observation, the embryo was observed until it ceased all motion (18 hours), acquiring a set of data every minute for 10 min followed by 20 min of rest; the no-motion measurement was confirmed by another observation performed after a further 8 hours. The SV analysis was performed as described before [10-14] on successive en face images at 1 min intervals. The Speckle Variance for each lateral pixel (j,k) is defined as: In (1), I is the strength of the OCT signal at each pixel, N is the total number of en face images considered for the calculation which in our case is N = 2 and the index i is the en face image concerned, respectively. The calculation was over j and k, i.e. over 200 by 200 pixels, leading to a 2D motion map of similar size. The lateral size of en face images is 230 µm by 230 µm. The SV values represent the variance calculated over two successive images with a time lapse equal to 1 min. The larger the variability, the larger the SV. A SV value equal to 0 means that images are identical and no motion is detected. To compensate the effects of Brownian motion, image sets from a dead embryo were also acquired and used to establish a minimum speckle variance value (threshold) for each pixel. In the final display of motion maps, all pixel values whose SV was below this threshold were assigned zero values. Moreover, to produce a quantitative assessment of motion, a parameter "quantity of movement" was calculated as the summation of all pixel values from the motion map.
Results
Overall, 5 live bovine blastocysts were observed for 10 minutes (short-term observation) and 1 bovine blastocyst was observed for over 18 hours (long-term observation). During the assessment, 12 structural images were displayed in real time in the form of SVP, 2 x cross sectional images and 9 x en face images. In Fig. 4 , an example of the acquisition display is given. 
Blastocyst 3D reconstruction and structural imaging
En face images were used to create a 3D volume of the embryo as shown in Fig. 5 and could be used to identify two separate structural entities forming a blastocyst, namely a ring of outer cells (trophectoderm) and a discrete mass of cells in the inside (inner cell mass). The volume allowed by the "in-house" acquisition software written in LabVIEW software extends over a voxel size of 200x200x500 pixels. By varying the differential distance between the depths, the axial range was adjusted as such, that the embryo covers 300 depths. Therefore, the size of the volume displayed in Fig. 5  is 200x200x300 . Moreover, the shape of the inner cell mass could be clearly distinguished in the 3D reconstruction potentially providing information on its compactness, size and distribution. As described in the introduction (and also in Fig. 2 ) a blastocyst stage embryo does not necessarily display large morphological changes over a time period of a few hours when observed by standard microscopy, but it can sometimes display a pulsating behavior whereby the embryo collapses on itself and then re-expands to its full size. In this analysis, the blastocyst appeared to maintain its normal structure over the first 12 h; however, by the 13th hour it started to collapse on itself. From this point on, a faint halo of the same size as the original embryo could be detected by OCT indicating that the blastocyst's zona pellucida maintained its shape and position while the rest of the embryo collapsed. Interestingly, the complete collapse of the blastocyst's inner cavity was observed between 15 and 16 h of culture and this detail would have been impossible to notice with standard microscopy. After this point, however, the embryo failed to re-expand, an observation consistent with an embryo approaching the end of its life. A selection of images acquired over long-term observation is given in Fig. 6(A) , showing the first 18 h of culture and an additional image acquired 8 h after complete cessation of embryo motion.
Micron-scale movement detection by SV and quantity of movement calculation
The SV algorithm was applied to obtain motion maps at each embryo depth to highlight the portions of the embryos in motion during each 1 min interval considered. The analysis could also indicate when the embryo ceased all motion (Fig. 6(B) ).
For the 5 embryos selected for the short-term observations, motion maps were calculated using en face images from a depth approximately in the middle of each embryo. Figure 7 shows the maximum speckle variance registered in such maps. Usefully, the maximum value calculated for the dead control embryo was found to be at least 5 times smaller than the average maximum value of any live embryo.
For the next evaluations, a threshold was calculated to differentiate the live embryos from the dead one. This was obtained as the maximum SV extracted from the motion maps evaluated over the whole embryo volume.
In Fig. 8 , quantity of movement was calculated at 5 different depths (as indicated) in the same embryo over long-term observation and it was possible to pinpoint at which depth the embryo maintained movement over time. The calculation included only those pixels out of the 200x200, where the SV exceeded the threshold evaluated above. An alternative representation of this information is given in Fig. 9 , showing the percentage of en face images from the same embryo in which movement could be detected at any given time. The calculation was performed over 300 en face images obtained from different depths covering the embryo thickness (i.e. using the same adjustment of axial range as in Fig. 5 ). 
Discussion
To date, a limited number of reports have focused on applying functional OCT imaging to study early mammalian embryos [18, 24, 25] . However, to our best knowledge, this is the first time OCT and SV have been applied to a day 7 post-IVF mammalian embryo to resolve its 3D structure and quantify micron-scale movement.
As seen in Fig. 5 , OCT can be successfully used to identify the key structures within the bovine blastocyst. Additionally, motion maps can be produced (Fig. 6(B) ) to detect motion in the areas of the blastocyst which are populated with cells.
Over short-term observation, all live embryos consistently displayed higher SV values (Fig. 7) when compared with dead controls suggesting that a live embryo is likely to possess levels of intracellular activity detectable by OCT.
However, the interpretation of the motion measurement became more complex during long-term observation. As shown in Fig. 6(A) , the embryo had collapsed on itself after 12 h of culture. This is an expected behavior for a blastocyst approaching the end of its life. As shown in Fig. 8 , this was associated with a surge in movement around the median portion of the embryo at a depth of 150 µm. One possible explanation for this behavior is that the SV measurement is sensitive at the same time to both genuine intracellular movement and to mechanical movement of the blastocyst's tissues caused by the deflation of its internal cavity and that the summation of these two movements caused the spark detected. Indeed, while the embryo could safely be declared dead after 18 h of culture, the actual cessation of biochemical activity within it could have happened at an earlier time point between 15 and 18 hours. On one hand, non-blank motion maps were obtained between 17 and 18 hours of culture after the complete disappearance of the embryo's blastocoel when mechanical motion seemingly came to an end, suggesting that the embryo more likely ceased all biochemical activity around the 18th hour mark. On the other hand, this might not be the only possible interpretation as spontaneous decaying processes, not necessarily linked with intra-cellular activity, could have been detected instead. However, these type of movements were not present in the dead controls. Therefore, based on the comments above, whilst the decaying trend in Fig. 9 expresses the attenuation of motion inside the embryo, it cannot be used to predict the exact time of the embryo's death.
As portrayed in Fig. 8 , the embryo did not behave consistently across its depth from a kinetic point of view over long-term functional observation. This finding is not necessarily surprising since it is known that cells or cell groups in a blastocyst can become fragmented or even die [30] . This is also known to happen in embryos that are cryopreserved. Indeed, the cryopreservation of an embryo in liquid nitrogen is a standard procedure, however not all embryos survive the freeze thawing process and those that do are likely to suffer from various levels of damage [31] . Cryodamage assessment on a per embryo basis is very challenging due to the invasive nature of the tests available. Very few papers have used OCT to investigate cryodamage in embryos [32, 33] and none of them studied blastocyst stage embryos which are widely cryopreserved in both human and animal IVF systems. The SV analysis here described could become a useful tool to quantify the level of damage sustained by cryopreserved embryos within minutes of thawing and without a need for extended culture. The results of this assessment would be easy to interpret since they would simply take the form of percentages of en face images in motion, as shown in Fig. 8 .
Conclusions
We anticipate that in future studies, OCT, due to its potential submicron axial resolution, could be used to obtain precise measurements of the shape and volume of a blastocyst's inner cell mass, since these parameters have been shown to correlate well with implantation rates when measured by conventional microscopy [26] . In a similar way, OCT can be used to measure non-invasively the volume of a blastocyst's trophectoderm to obtain another metric
